Abstract: Functionalized silica sols were obtained by the hydrolytic condensation of (γ-methacryloxypropyl)trimethoxysilane (MPMS), (γ-glycidyloxypropyl)trimethoxysilane (GPMS) and tetraethoxysilane (TEOS). Three different sols were obtained: MPS (derived from MPMS and TEOS), GPS-MPS (derived from GPMS, MPMS and TEOS), and GPSD (derived from GPMS, TEOS and diglycidyl ether of bisphenol A, DGEBA). These silica sols were mixed with a phenolic resin (PR). Ethylenediamine was used as a hardener for epoxy-functionalized sols and benzoyl peroxide was used as an initiator of the free-radical polymerization of methacrylate-functionalized silica sols. Glass fiber-reinforced composites were obtained from the neat PR and MPS-PR, GPS-MPS-PR and GPSD-PR. The resulting composites were evaluated as ablation resistant materials in an acetylene-oxygen flame. A large increase in the ablation resistance was observed when the PR was modified by the functionalized silica sols. The ablation resistance of the composites decreased as follows: GPSD-PR > MPS-PR > GPS-MPS-PR > PR.
Introduction
The ability of composites based on phenolic resins and glass or carbon fibers to withstand extremely high heat flux for short periods has made their use for re-entry nose cones and rocket nozzles possible [1] . The combined effects of heat and stress, termed ablation, involve raising only a thin surface layer of material to a high temperature, keeping the bulk of the material unexposed to the damaging temperatures [2] [3] [4] [5] . Reinforced phenolic composites have been extensively used as ablation materials on intercontinental missile warheads and space shuttles [6] . However, there is still need to improve their ablation resistance, a fact that can be accomplished by a convenient design of the chemical structure of the matrix [7] , or the cure cycle [8] .
Two types of phenolic resins are used as matrices of ablation-resistant composites. Novolacs are phenolic resins made by the condensation of phenol with a defect of formaldehyde. They are obtained as powders and are usually called two-step phenolic resins because they need to be cross-linked with a suitable hardener in a second step. Hexamethylenetetramine (also a powder) is the most typical hardener used in industry. The other types of phenolic resins are resoles which are obtained by condensation of phenol with an excess of formaldehyde. They are called one-step phenolic resins because they continuously undergo polymerization leading to a cross-linked product without the need of adding an extra hardener. They are obtained as liquid solutions in water and must be stored at low temperatures to avoid gelation.
Different modifiers have been used to increase the ablation resistance of phenolic resins. For example, boron-modified phenolic resins exhibit outstanding ablation performance [9] . However, many other types of modifiers such as silica precursors can also be used for this purpose. It has been reported that modification of thermosetting polymers with polyhedral oligomeric silsesquioxanes (POSS), or silsesquioxanes and functionalized silica sols, increases the mechanical and thermal properties of the cross-linked polymer and the residual mass after degradation at high temperatures [10] [11] [12] [13] [14] [15] . Silsesquioxanes (or polysilsesquioxanes) are the condensation products of organotrialkoxysilanes [10, [16] [17] [18] , while functionalized silica sols are obtained by the co-condensation of organotrialkoxysilanes with a silica precursor such as tetraethoxysilane (TEOS) [12, 13] . Functionalization of either the silsesquioxane or the silica sol is generated by the organic group present in the chemical structure of the organotrialkoxysilane. This organic group may be reactive or non-reactive with the rest of the components of the formulation. Alkyl groups (e.g., methyl, propyl, isobutyl, etc.) are typical non-reactive species as a variety of reactive organic groups (e.g., epoxy, vinyl, methacrylate, etc.) may be selected depending on the chemical reactions necessary to crosslink the functionalized silica sol with the rest of the components of the formulation.
In a recent publication it was shown that addition of silsesquioxane bearing non-reactive methyl groups produced an enhancement of the ablation resistance of a phenolic resin/carbon fiber composite [19] . Following these results, the aim of this study was to investigate the effect of introducing a reactive functional group in a functionalized silica sol used as a modifier of a phenolic resin/glass fiber composite. The phenolic resin was a commercial novolac provided as a powder containing hexamethylenetetramine as a hardener. Two strategies were used to produce the chemical bonding of the functionalized silica sol with the phenolic novolac. The first strategy consisted in using an organotrialkoxysilane with the organic group containing an epoxy ring. Specifically, (γ-glycidyloxypropyl)trimethoxysilane (GPMS) was co-condensed with tetraethoxysilane (TEOS) in the presence of diglycidyl ether of bisphenol A (DGEBA), to generate a silica sol functionalized with epoxy groups (GPSD, Figure 1A ). Apart from GPSD, a diamine (ethylenediamine, EDA) was added to the formulation to partially crosslink the epoxy-functionalized silica sol and DGEBA, by a typical epoxy-amine reaction [20] . This reaction generates a tertiary amine which in turn acts as a catalyst for the reaction of the epoxy excess with the OH groups of the phenolic resin [21] . This enabled to produce the desired covalent bonds among the functionalized silica sol, DGEBA and phenolic resin. The second strategy was to synthesize a functionalized silica sol by the co-condensation of (γ-methacryloxypropyl)trimethoxysilane (MPMS) with TEOS (MPS, Figure 1B ). Benzoyl peroxide (BPO) was added to the final formulation to produce the cross-linking of MPS by a free-radical polymerization reaction. The covalent bonding of the functionalized silica sol with the phenolic resin was assumed to be achieved by typical chain-transfer reactions produced by the abstraction of hydrogen radicals from the phenolic novolac.
For comparison purposes, a functionalized silica sol was obtained by co-condensation of MPMS, GPMS and TEOS (GPS-MPS, Figure 1C ). In this case both EDA and BPO were used to produce the crosslinking reactions. Glass fiber-reinforced composites were obtained from the neat phenolic resin (PR) and MPS-PR, GPS-MPS-PR and GPSD-PR and the corresponding hardeners (EDA and/or BPO). The ablation resistance of the different composites was analyzed and compared with the behavior of the composite derived from the neat phenolic resin.
Experimental Section

Materials
Commercial GPMS (Dow Corning Z-6040, Beijing, China), MPMS (Dow Corning Z-6030, Beijing, China) and TEOS (96.0%-97.0%) were used as precursors of the functionalized silica sols. Diglycidyl ether of biphenol A (DGEBA, 95.0%), ethanol (99.7%), tetrahydrofuran (THF, 99.7%) and formic acid (88 wt %) were purchased from the Tianjin Chemicals, Tianjin, China. EDA and BPO were analytical grade reagents obtained from the Tianjin Chemicals. Glass fibers (vitreous silica fabrics, VSF) and the phenolic resin (PR, based on a novolac with M w : 500-900 g/mol together with hexamethylenetetramine as a hardener), were also obtained from the Tianjin Chemicals.
Preparation of Composites
The functionalized silica sols (GPSD, MPS and GPS-MPS) were prepared following procedures described in the literature [12, 13] . Briefly, formic acid (50 mol % relative to total Si) and water (100 mol % relative to total Si) produced the hydrolytic condensation of TEOS (15 wt %) with GPMS (15 wt %), in the presence of DGEBA, to afford GPSD, or with MPMS (15 wt %) to afford MPS, or with GPMS (7.5 wt %) and MPMS (7.5 wt %) to afford GPS-MPS. The addition of DGEBA to GPMS reduces the hydrolysis or alcoholysis of epoxy rings during the hydrolytic condensation [12] . The hydrolytic condensation led to soluble products, despite the use of significant amounts of TEOS [22] , due to the network blocking characteristics of the GPMS and MPMS monomers (they are trifunctional monomers while TEOS is a tetrafunctional monomer), and the low water to silicon ratio (1:1) used [23] . The large fraction of intramolecular cycles produced in these polymerizations also favours the generation of soluble products [12, [16] [17] [18] .
The functionalized silica sols (20 wt %) were mixed with the PR powder (80 wt %), stirred for 8 h at 65 °C and diluted with 10 volumes of ethanol. Glass fabrics (96 mm × 96 mm) were impregnated with this solution. Ethanol was removed by drying at room temperature for 1 h and at 60 °C for 10 min. Twenty of these pre-impregnated glass fabrics were stacked together, coating every layer with the solution of the PR with the functionalized silica sol and the appropriate hardener. EDA was incorporated to formulations containing epoxy groups (molar ratio Si/EDA = 4/1), and BPO to formulations containing methacrylate groups (in a weight ratio 1:100 with respect to MPMS). The cure was performed in the oven of a universal testing machine (United Testing Systems, Model STM 50 KN, Huntington Beach, CA, USA), using the following thermal cycle: 30 min at 100 °C, 60 min at 130 °C at a pressure of 5 MPa, 120 min at 180 °C and 10 MPa, 30 min at 100 °C keeping the pressure at 10 MPa, followed by the cooling to room temperature.
Characterization and Measurements
For the ablation tests, the samples were placed at 20 cm from the flame of the ablation gun originated by the combustion of acetylene with oxygen, both at a pressure of 0.5 MPa. Samples were exposed for 30 s and both linear and mass ablation values were determined. The evolution of temperature was recorded at twenty points across the material surface during the ablation test using an infrared thermometer.
Morphologies generated at the surface of the samples by the ablation treatment were evaluated from scanning electron microscopy images (FEI, Quanta 200 F, Brno, CZE).
Results and Discussion
Ablation Tests
Ablation tests of composite materials were conducted by placing the sample in the flame of an acetylene-oxygen torch. Both the change in linear dimensions and the mass loss were recorded. Results are shown in Table 1 . Although values reported in the table are located above the acceptable limit (0.14 mm·s
) [8] , a large increase in the ablation resistance was observed when the phenolic resin was modified by the functionalized silica sols. This result can be used as a basis to increase the ablation resistance of formulations used in industrial practice. The ablation resistance of the composites decreased as follows: GPSD-PR > MPS-PR > GPS-MPS-PR > PR. Composites based on GPSD-PR were the most stable to the flame with only two thirds of the linear ablation and only a quarter of the mass ablation observed for composites based on the neat PR. The enhanced performance is likely due to the covalent bonding of epoxy groups to the PR and to the fact that the thermal decomposition of epoxy matrices generates olefinic residues that can undergo carbonization [12] . Composites based on MPS-PR were next with regard to stability. This may be related to the reduced efficiency of the generation of covalent bonds with the PR through chain transfer reactions and to the propensity of the cross-linked methacrylate groups to thermally depolymerize at temperatures above 340 °C [24] .
Morphologies of Ablation Structures
Examination of the ablation surfaces of the composites revealed that the generated pre-ceramic surface was glassy in appearance and that the material had liquified to some extent. It also showed that thermolysis generated pores in nearly every case, possibly through the evolution of gases while the material was in a molten state at the surface. The presence of porosity is a matter of concern because pores might allow flame or plasma to penetrate and damage the bulk of the composite. Figure 2 shows two SEM images of the surfaces of different composites after the ablation test, at two different magnifications (70× in Figure 2a -d and 1000× in Figure 2a'-d') . The smooth surface of the composite based on neat PR was converted to a porous and pitted surface after the ablation test (Figure 2a,a') , with glass fibers visible in some of the pores. The presence of aggregates inside the pores, coupled with porosity, could limit the use of this material as an ablation composite.
Composites made with the formulations containing silica sols led to denser structures of the ablation surfaces although pores were still present in every sample. The composite with the GPSD-PR matrix (Figure 2b,b') showed the most homogeneous surface, a fact that can be correlated with its better ablation behavior. Composites modified with methacrylate-functionalized silica sols (Figure 2c,c',d,d') showed the presence of partially collapsed bubbles at the surface of the specimens. These bubbles could be due to the rapid thermal depolymerization of methacrylate networks [24] , a fact that can produce the exposure of the internal surface to the flame. This might be the reason for the lower ablation performance of the composites derived from methacrylate-functionalized silica sols. Figure 3 shows the temperature evolution at the surface of different composites during the ablation tests. After 12 s of exposure to the flame, the composite made with the GPSD-PR matrix reached a surface temperature that was about 100 °C higher than the corresponding temperatures determined for the composites synthesized with the other two modified phenolic resins. This implied that the generated surface layer of degradation products acted as a better thermal insulator that retarded the heat flow into the sample. Again, this test evidenced the better performance of the phenolic matrix modified with the epoxy-functionalized silica sol. 
Temperature Evolution during Ablation Tests
Conclusions
A commercial phenolic resin was modified with three different functionalized silica sols and appropriate hardeners, in an attempt to increase the ablation resistance of their glass fiber composites. A significant improvement was observed when using 20 wt % of an epoxy-functionalized silica sol including also an epoxy monomer (DGEBA) and a hardener (EDA). A cross-linked thermoset was generated by reaction of epoxy groups with both the hardener and the phenolic hydroxyls of the resin. The mass ablation rate decreased from 0.405 g·s . Although this last value was higher than the acceptable limit required for commercial use, there are several parameters that can be optimized to improve the ablation resistance. For example, variables that can be manipulated are the type and proportion of hardener used in the formulation, the ratio among GPMS, TEOS and DGEBA, the proportion of the modifier with respect to the phenolic resin and the cure cycle.
Composites synthesized with methacrylate-functionalized silica sols showed a lower ablation resistance than those derived from the epoxy-functionalized sols. This was ascribed to the rapid depolymerization of networks based on methacrylate groups when exposed to the flame, a fact that generated partially collapsed bubbles at the surface and channels that gave easy access to the interior of the sample.
The improvement of the ablation resistance of the composite obtained with the epoxy-functionalized silica could be correlated with the higher temperatures generated at the surface during the ablation tests. After 12 s of exposure to the flame, the surface temperature of the specimen was about 100 °C higher than the corresponding temperatures determined for the two other formulations. This means that the surface layer made of degradation products acted as a better thermal insulator, protecting the material located at the bulk. Although SEM images revealed the presence of pores at the ablated surface of every specimen, the material modified with the epoxy-functionalized silica sol exhibited a lower porosity and a more homogeneous surface texture, correlating again with its better ablation resistance.
